Abstract -In this paper, the use of a seawater desalination system as a controllable load is proposed to compensate the power fluctuation of renewable energy sources and control methods are discussed. On/Off control tests were conducted with the actual desalination system without a power converter and variable pump speed tests were conducted with a experimental desalination system with a power converter. The On/Off control turned out to be not so useful for power quality enhancement. With a power converter, the power consumption of the system can be controlled with enough accuracy and response speed for the suppression of the power fluctuations caused by wind turbines and photovoltaic cells.
Introduction
Renewable energy sources are being installed into grids in order to reduce the greenhouse gas emission. In isolated island power systems, installation of renewable energy sources also reduces the operation costs because fuel costs of engine generators of isolated power systems such as diesel engine generators are much higher than those of large power systems.
In an isolated island which is not connected to large grids, power fluctuations caused by renewable energy sources, such as wind turbines (WTs) and photovoltaic cells (PVs), have severe effects on power quality of the grid. Usually, in an isolated island, engine generators are operated to keep the power balance between the demand and the supply and its response speed is fast enough to compensate power fluctuations caused by loads without WTs or PVs. However, engine generators cannot compensate the whole power fluctuations caused by large amount of WTs or PVs because the engine power output margin to compensate power fluctuations is limited. Conventional engine generators cannot operate continuously at low power output and it takes a few minutes to start and connect synchronously to the grid.
If energy storage systems (ESSs) such as batteries that have enough power and energy capacity to compensate power fluctuations are installed in the system, stable operation of the grid will be realized, but ESSs are still quite expensive.
To compensate the power fluctuation with less ESSs, the load control is being focused. The load control is the concept to compensate the power fluctuation by use of equipments of customers which have already been installed into the power grid. The cost of the load control can be much lower than that of ESSs.
In this paper, the use of the seawater desalination system as a controllable load is proposed, and the feasibility of power fluctuation compensation with the seawater desalination system is discussed.
Seawater Desalination System

Overview
Seawater desalination is a process to obtain fresh water from saline water through physical, chemical or physicalchemical methods [1] . The major method of seawater desalination is the membrane separation, the crystallization, the solvent extraction, the ion-exchange method and the distillation such as the multi-stage flush and the vapor compression [1] .
Membrane separation systems are focused in this paper because this desalination systems using reverse osmosis (RO) membranes are installed in many islands in Japan and they're relatively large loads in the island grids. RO membrane method is a liquid filtration method which removes many types of large atomic molecules from smaller molecules by forcing the liquid at high pressure through a membrane with pores (holes) just big enough to allow the small molecules to pass through. The larger molecules cannot to pass through the membrane. Fig. 1 shows an image of RO membrane method. In the process, the pressure of the unprocessed saline water needs to be higher than its osmotic pressure calculated by (1) .
In (1), π indicates the osmotic pressure, c indicates the mol concentration of the solute ion, R indicates the gas constant and T indicates the absolute temperature. The osmotic pressure of sea water is about 2.5MPa at room temperature, which is 25 times higher than the atmospheric pressure. 2 shows a schematic view of a desalination system using a RO membrane. Unprocessed saline water that is highly pressurized by the high pressure pump passes through the RO membrane and they are separated into fresh water and concentrated saline water. Major electrical loads of the desalination system using RO membranes are the high pressure pumps, usually plunger pumps, which supply high-pressured water to the RO membranes. Desalination systems with plunger pumps are focused in this paper.
Induction motors supply power to plunger pumps in many desalination systems. The power consumption of the induction motor is shown as (2) .
In (2), m P indicates the power consumption of the induction motor, p indicates the pressure of unprocessed saline water and q indicates the flow rate of the water the pump ejects. η is the efficiency of the system, which is the ratio of the mechanical work divided by the electrical power consumption.
Some of the desalination systems are using sea water as the unprocessed saline water and others are using saline groundwater (brine water) whose salt density is lower than that of sea water. Many of induction motors used in desalination systems are connected to grids directly (some of them are using electric power converters).
Characteristics as Controllable Load
There are four requirements for a load to be considered as a controllable load. Firstly, the power consumption of the load needs to be able to be controlled by external references. Secondly, the system should give minor losses in comfort when the power consumption of the load is being controlled. Thirdly, the power consumption of the load should not be negligible compared with the system capacity of the grid. Finally, the load should always be able to consume power.
In these points of view, high pressure pumps in the desalination system are useful as controllable loads. There are large freshwater tanks after the RO membranes in desalination systems, so the control of power consumption will not cause negative effects on customers as long as tanks hold fresh water. Desalination systems are used in every season, day and night. Thus, pumps of desalination systems are ideal for the load control, if the power consumption of the pumps can be controlled by external references.
Methods of Controlling
Many of the plunger pumps are driven by induction motors without power converters at present. Such pumps cannot change the flow rate of the unprocessed saline water because the rotation speed of the induction motor is almost constant. In this case, there are two ways to change the power consumption of the pump system. The one is to start and stop the pumps, On/Off control, and the other is to control the valves attached to the pipe of the concentrated saline water, valve control.
If a power converter is installed into the desalination system, the power converter can change the rotation speed of the induction motor continuously by changing the frequency of the converter output voltage. As the rotation speed of the induction motor changes, the flow rate of the pump changes in proportion. In this case, the power consumption of the induction motor can be controlled by changing the rotation speed of the induction motor. This control is called "variable speed control" in this paper.
On/Off Control of Desalination System [2]
In this section, to discuss the effectiveness of On/Off control, experimental results are reported. Tests are conducted by use of the desalination system in an actual desalination plant. A schematic diagram of the system is shown in Fig. 3 . As is shown in Fig. 3 , power converters are not installed in the system. Table 1 shows the specification of the system. . The measured power consumption of the On/Off sequence is shown in Fig. 4 and Fig. 5 . On the start sequence shown in Fig.4 , it takes about 10 minutes for the high pressure pump to start consuming power because of pretreatments such as filtration and pH control and so on. In addition, an inrush current causes a pulsing power consumption, which has a possibility to cause negative effects on the grid. Fig. 5 shows that the power consumption drops to 0kW immediately on the stop sequence, but a pulsing power consumption exists about 20 seconds later because the pump restarts for the aftertreatments such as raising the water hardness and so on. About 2kW power consumption continues for more than 5 minutes.
It is concluded that On/Off control of the high pressure pump in the existing system is not so useful to compensate the power fluctuation because the startup time of the desalination system is too long compared to the startup time of engine generators and pulsing power consumption has the possibility to cause power imbalance in the power system. 
Verification of Variable Speed Control of Desalination System
In this section, the feasibility and the capability of the variable speed control of the desalination system are discussed. Tests in this section are conducted with the experimental system, not the system of the actual desalination plant used for previous experiments.
Experimental System
The experimental system includes five major parts, a power converter, an induction motor, a plunger pump, an RO membrane, and a water tank. Fig. 6 and Fig. 7 show the view of the experimental system. In Fig. 6 , the green cylinder in the middle of the photo is the RO membrane and its casing. The machines under the RO membrane are the induction motor and the plunger pump. Fig. 7 shows the view of the power converter and its control system. Fig. 8 shows the flow of power and water in the system and Table 2 shows the specification of setups. As shown in Fig. 8 , both concentrated saline water and fresh water flow into the tank of the unprocessed saline water in the experimental system. The power converter can change the flow rate of the unprocessed saline water by changing the rotation speed of the induction motor. As the flow rate of the unprocessed water increases, pressure of the unprocessed saline water also increases, and therefore the flow rate of the fresh water increases. The valves of the pipes of the concentrated water are fixed to a certain point in this study.
Tests at Quasi-steady State
The converter output voltage frequency-power consumption characteristics of the experimental system were measured at quasi-steady state. The salt densities of the unprocessed saline water used in the experiments are 0.1%, 1% and 3%. 3% is close to the salt density of the sea water. 0.1% and 1% are reasonable salt densities of the saline groundwater (brine water). An approximation formula of the power consumption was obtained by the use of the measured power consumption values. (3) is the approximation formula.
In ( The result is shown in Fig. 9 . In Fig. 9 , points are the measured power consumption values and the graph legends show the salt densities of the unprocessed water. The curves in Fig. 9 are calculated by (3) according to each salt density. The salt density of the upper curve is 3%, that of the middle curve is 1% and that of the lower curve is 0.1%.
The error between approximated value calculated from (3) and measured power consumption is within 5%. This accuracy is enough for the desalination system to compensate the power fluctuation. 
Sinusoidal Reference Test
The limitation of the frequency change rate (i.e. power consumption change rate) of the converter output voltage is the important information in order to discuss the capability of the desalination system as a controllable load. To evaluate the limitation on the frequency change rate, a sinusoidal frequency change test was conducted. The period of the sinusoidal reference of the converter output voltage is set to 5 sec.
One of the results is shown in Fig. 10 . In Fig. 10 , the "reference" is the power consumption calculated by (3) using frequency reference value. The "measured" is the actual measured power consumption.
In Fig. 10 , the error between the reference value of the power consumption and the measured power consumption is less than 10% and no phase lead or lag is observed. 
Power Consumption Control
To use the desalination system for compensation of the power fluctuation, its power consumption needs to be controlled as required values.
By solving (3) for f and considering the effect of the temperature, (4) 
By the use of (4), the frequency of the converter output voltage that corresponds to the reference power consumption can be calculated.
An experiment has been conducted to verify the feasibility of the power consumption control by use of (4). The required power changes from 2kW to 6kW through 8kW. The frequency change rate of the converter output voltage is 15 Hz/sec.
The reference and measured power consumption is shown in Fig. 11 . The difference between the reference and measured power consumption value is kept within 5%. The power consumption is settled within 3 seconds with a little overshoot. This result indicates that the desalination system can be used to compensate the power fluctuation when the motors are connected to the grid through power converters. 
Conclusion
In this paper, the feasibility of the power consumption control of the seawater desalination system was discussed. On/Off control of the desalination system turned out to be not so useful owing to the existing sequence. With the power converter, the power consumption can be controlled easily by changing the rotation speed of the induction motor. The experimental system consumes power as required and the difference between the reference value and measured power consumption value is kept within 5%. This value is settled within 3 seconds with a little overshoot. This accuracy and speed is enough for the suppression of the power fluctuation caused by WTs or PVs. It is proved that the power consumption of desalination system with a power converter can be controlled to suppress the power fluctuation of the renewable energy sources.
Discussion on coordinated control of the frequency and the valve openness is one of the future works to be done. Frequency feedback control is another future work.
